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Shift reagent,Tm(DOTP)5−The research on complex I has gained recently a new enthusiasm, especially after the resolution of the crys-
tallographic structures of bacterial and mitochondrial complexes. Most attention is now dedicated to the in-
vestigation of the energy coupling mechanism(s). The proton has been identiﬁed as the coupling ion,
although in the case of some bacterial complexes I Na+ has been proposed to have that role. We have
addressed the relation of some complexes I with Na+ and developed an innovative methodology using
23Na NMR spectroscopy. This allowed the investigation of Na+ transport taking the advantage of directly
monitoring changes in Na+ concentration. Methodological aspects concerning the use of 23Na NMR spectros-
copy to measure accurately sodium transport in bacterial membrane vesicles are discussed here. External-
vesicle Na+ concentrations were determined by two different methods: 1) by integration of the resonance
frequency peak and 2) using calibration curves of resonance frequency shift dependence on Na+ concentra-
tion. Although the calibration curves are a suitable way to determine Na+ concentration changes under con-
ditions of fast exchange, it was shown not to be applicable to the bacterial membrane vesicle systems. In this
case, the integration of the resonance frequency peak is the most appropriate analysis for the quantiﬁcation
of external-vesicle Na+ concentration. This article is part of a Special Issue entitled: 17th European Bioener-
getics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
NMR spectroscopy is one of the most suitable, non invasive and
sensitive techniques for the study of sodium ions in biological sys-
tems, with the strong advantage of allowing a direct observation of
the nuclei via their own resonance frequency. Sodium concentration
differences across a biological membrane can be measured using
NMR spectroscopy by the use of shift reagents which make possible
to distinguish the resonance of the sodium ions in the internal and
external media of the membrane vesicles [1–4]. These reagents are
anionic complexes of lanthanides whose paramagnetic properties
induce a shift on the sodium resonance frequency. As the shift reagent
cannot cross the membrane of the vesicles, the resonance frequency ofnyl hydrazone; DDM, n-dode-
inone; Dy(PPPi)27−, dysprosi-
ron paramagnetic resonance;
(5-oxo-3-propylisoxazol-4-yl)
hodothermus; TEMPO, 2,2,6,6-
II) 1,4,7,10-tetraazacyclodode-
embrane potential
uropean Bioenergetics Confer-
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l rights reserved.the sodium inside the vesicle is not shifted. Compared to other shift re-
agents, Thulium (III) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis
(methylenephosphonate) (Tm(DOTP)5−) requires a lower concentra-
tion to achieve resolution of internal and external sodium signals [2,5],
has a more favorable geometry for sodium binding [6] and has the ad-
vantage of having a lower paramagnetic susceptibility (allowing the
shifted peaks to remain sharp and well resolved) [2].
Substrate-driven Na+ transport monitored by 23Na NMR spectros-
copy was used for the ﬁrst time to investigate sodium transport by re-
spiratory complex I. Complex I couples the electron transfer from
NADH to quinone to charge translocation across the membrane. The
complex is a large enzyme composed by a peripheral and a mem-
brane part in an L-shaped assembly. The peripheral part contains
the prosthetic groups (iron–sulfur centers and FMN) [7], while the
membrane part is, most likely, involved in quinone reduction and
charge translocation. The structures of the peripheral [7] and mem-
brane parts [8], as well as, of the entire complex [8–10] have recently
been solved. Amino acid sequence comparisons indicate that the
membrane subunits NuoL, M and N are related to Na+/H+ antiporters
of the Mrp family, suggesting that these subunits may participate in
charge translocation [11,12]. This proposal is now strongly supported
by the available structural data [8–10]. It is accepted that the coupling
ion of the system is the proton [13,14]. However, it was also sug-
gested that in the case of some bacterial complexes I the sodium ion
could have the same role [15,16]. It was shown that the proton is
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Escherichia coli; in addition we have observed that these enzymes are
also capable of sodium translocation but in the opposite direction to
that of the proton and of the built up of the membrane potential
[17,18]. In contrast, no sodium transport was observed in complex I
from Paracoccus denitriﬁcans [18].
We used 23Na NMR spectroscopy to investigate complex I driven
sodium transport. Changes in the concentration of external sodium
promoted by complex I in inside-out oriented vesicles were deter-
mined by integration of the sodium resonance frequency peak
[17–19]. In principle, the sodium concentration could have also
been quantiﬁed taking into account the sodium resonance frequency
shift, since in fast exchange conditions this shift is proportional to the
ratio between the concentration of sodium and the concentration of
the shift reagent. This procedure is considered by some authors to
be more precise than the integration of the sodium resonance fre-
quency peak [3,20]. Thus our NMR data [17] were also subjected to
this alternative analysis in order to determine sodium concentration.
The same conclusions on the existence and directionality of the sodi-
um transport were obtained, but the integration of the sodium reso-
nance frequency peak revealed to be the most accurate method for
quantifying the amount of the external sodium in the case of bacterial
membrane vesicles, the system we have studied.
2. Material and methods
2.1. Cell growth and membrane vesicles preparation
R. marinus PRQ 62B was grown as described previously [17].
After harvesting, cells in 10 mM HEPES–Tris buffer pH 7.5, 25 mM
Na2SO4, were broken in a French Pressure cell at 6000 psi. The
membrane vesicles were obtained by ultracentrifugation of the bro-
ken cells at ~200000 g, 2 h, 4 °C followed by re-suspension in the
same buffer. Integrity of vesicles was checked, as described in
[17], by the K+/valinomycin assay using 1,5-bis(5-oxo-3-propyli-
soxazol-4-yl)pentamethine oxonol (oxonol VI) as a membrane po-
tential (ΔΨ) sensitive dye. Protein concentration was determined
by the Biuret method modiﬁed for membrane proteins [21].
2.2. Activity measurements
NADH:quinone oxidoreductase activity by membrane vesicles was
monitored at 330 nm (ε=5930 M−1 cm−1) with a Shimadzu UV-
1603 spectrophotometer. The reaction medium contained membrane
vesicles in the presence of 2.5 mM KCN or in the presence of 2.5 mM
KCN and 100 μM 2,3-dimethyl-1,4-naphothoquinone (DMN). The re-
action was started by adding 100 μM NADH.
NADH:K3[Fe(CN)6] oxidoreductase activity was monitored at
340 nm (ε=6220 M−1 cm−1). The reaction medium contained
membrane vesicles or solubilized membranes (added to start the re-
action) in 10 mM HEPES–Tris pH 7.5, 25 mM Na2SO4, 1 mM K3
[Fe(CN)6] and 200 μM NADH. Solubilized membranes were obtained
by stirring an aliquot of membrane vesicles with 9% of n-dodecyl-β-
D-maltoside (DDM) for 1 h at 4 °C.
2.3. 23Na NMR spectroscopy
NMR spectra were recorded on a Bruker Avance II 500 MHz spec-
trometer, operating at 132 MHz for 23Na, equipped with a 10 mm so-
dium selective probe and a vertical bore magnet. Experiments were
performed using a 13.5 μs 90° pulse and 8 k data points were
recorded over a spectral width of 40 kHz. 1051 scans were accumu-
lated for each experiment.
Tm(DOTP)5− at a concentration of 4.5 mMwas added in all exper-
iments and used as a shift reagent for the sodium resonance frequen-
cy of the medium. A concentric capillary tube with 2 mm diameter,containing 50 μL of the shift reagent dysprosium (III) tripolypho-
sphate (Dy(PPPi)27−) at a concentration of 22 mM, placed inside the
NMR tube, was used in all experiments as external reference.
NMR measurements were performed for the following samples: i)
4.5 mM Na5Tm(DOTP) in 10 mMHEPES–Tris buffer pH 7.5; ii) 25 mM
Na2SO4+4.5 mM Na5Tm(DOTP) in 10 mM HEPES–Tris buffer pH 7.5;
and iii) 25 mM Na2SO4+4.5 mM Na5Tm(DOTP)+membrane vesi-
cles in 10 mM HEPES–Tris buffer pH 7.5. For samples ii) and iii), the
NMR sample was left non-perturbed in the spectrometer and data
were collected over time. In the case of sample i), known amounts
of sodium were added consecutively to the NMR tube and data
were collected after each addition.
Sodium concentrations were determined by two ways: 1) integra-
tion of the resonance frequency peak, in which the integral of the res-
onance frequency peak of Na+ in the presence of Dy(PPPi)27− (this
reagent contains 10 equivalents of Na+) was used to calibrate the
concentration of sodium in the medium [5]; 2) using calibration
curves of resonance frequency shift dependence on sodium
concentration.
The NMR data obtained for the sodium transport studies on com-
plex I form R.marinus (this work and [17]) were carefully analyzed by
the two methods described above. Calibration curves for all the ex-
periments, namely membrane vesicles and membrane vesicles in
the presence of KCN, KCN+quinones (Q), monensine, carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP) and rotenone, were per-
formed both in the presence and absence of 4 mM of K2SO4. A total
of 12 different titration curves were obtained.
3. Results and discussion
We have previously investigated the relation between sodium
ions and complex I from R. marinus using 23Na NMR spectroscopy.
We investigated the NADH driven sodium transport in inside-out
membrane vesicles [17]. NMR spectra for different transport condi-
tions (presence of inhibitors and/or uncouplers) were obtained
prior to, and after, the addition of NADH, i.e. of the catalytic reaction.
3.1. 23Na NMR spectrum
The 23Na NMR spectrum of membrane vesicles from R. marinus
(prepared in 10 mM HEPES–Tris buffer pH 7.5, 25 mM Na2SO4)
shows a single resonance frequency deriving from both the intra-
and external vesicle sodium ions (Fig. 1A). In order to distinguish be-
tween internal and external Na+ a paramagnetic shift reagent
(Tm(DOTP)5−) was added to the suspension medium, shifting the
resonance of the external Na+ to a higher frequency [2,5]. This was
possible because the shift reagent does not penetrate the vesicles.
Therefore the resonance frequency at 0 ppm is assigned to the inter-
nal vesicle Na+, while the resonance frequency at ~10 ppm is
assigned to external Na+ (Fig. 1B).
A capillary centered in the NMR tube containing a precisely
known Dy(PPPi)27− concentration was used as an external refer-
ence. Dy(PPPi)27− (containing 10 equivalents of Na+) is also a para-
magnetic shift reagent inducing a shift of the Na+ resonance to a
lower frequency [5], making thus possible the use of the two shift
reagents simultaneously. The resonance frequency at −36 ppm,
shown in the 23Na NMR spectrum (Fig. 1B), corresponds to the so-
dium content in the capillary. The integration of this signal allowed
us to quantify the internal and external Na+.
The different intensities of the resonance frequency peaks, shown
in Fig. 1B, are a consequence of the different amounts of internal and
external Na+ (which is given by the different volumes and sodium
concentrations). The internal volume of the membrane vesicles is ap-
proximately 1 μL mg−1 of protein [17]. On average, 400 μL of mem-
brane vesicles containing 27 mg of membrane protein was used in
each NMR experiment, which corresponds to 27 μL of internal volume
Fig. 1. 23Na NMR spectrum of membrane vesicles from R. marinus in the absence (A) and in the presence of Tm(DOTP)5− (B). The signal at 0 ppm originates from the intra-vesicle
Na+ and the resonance frequency at ~10 ppm is the signal from the external-vesicle Na+. The signal at −36 ppm is due to the external reference present in the capillary, which
contained Dy(PPPi)27−. The different intensities of the resonance frequency peaks are a consequence of the different amounts of internal and external Na+, which is given by
the different volumes and sodium concentrations (50 mM versus 72.5 mM).
Fig. 2. Sodium ion transport by R. marinus NADH-respiring membrane vesicles. Exter-
nal Na+ concentration differences upon addition of 4 mM K2NADH to membrane ves-
icles containing 50 mM Na+. When indicated, membrane vesicles were pre-incubated
with 40 μM rotenone (Rot), 10 mM KCN, 10 μM CCCP, 20 μM monensine (Monen) or
10 mM KCN plus 200 μM of each menaquinone analog 2,3-dimethyl-1,4-naphthoqui-
none, 1,4-naphothoquinone and menadione (KCN+Q) (*, pb0.05, versus membrane
without pre-incubations). The data reported are the average±standard deviation of
at least three separate assays. The concentration of external sodium was determined
by the integration of the resonance frequency peak.
Adapted from [17].
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500 μL (400 μL of membrane vesicles plus 100 μL of D2O); thus in
the NMR tube the internal volume of the membrane vesicles is ap-
proximately 6% of the external volume. Furthermore, the concentra-
tion of Na+ inside the vesicles is 50 mM, but 72.5 mM outside,
because 4.5 mM Tm(DOTP)5− was added to the external medium
and 1 equivalent of Tm(DOTP)5− contains 5 equivalents of Na+. Tak-
ing also into account this difference in Na+ concentrations, the inten-
sity of the signal for internal sodium was expected to be
approximately 4% of that for external sodium. The integration of the
experimental spectrum is in agreement with this, since we obtained
an average of 4% for the measurements of the signal for external
sodium.
3.2. Quantiﬁcation of the sodium concentration
Sodium concentrations can be determined by two methods: 1) in-
tegration of the resonance frequency peak and 2) using calibration
curves of resonance frequency shift dependence on sodium
concentration.
3.2.1. Integration of the resonance frequency peak
As described before [17], the areas of the Na+ resonance frequen-
cy peaks were obtained by computer integration after baseline cor-
rection, using manual integration method implemented in Xwin
NMR. The external-vesicle Na+ concentration was measured by inte-
gration of the Na+ shifted resonance frequency peak, while the intra-
vesicle Na+ concentration was not monitored due to its small signal
to noise ratio. Thus, the integral of the resonance frequency peak of
the Na+ in the capillary was only used to calibrate the concentration
of external-vesicle Na+.
Six different samples were analyzed previously [17]: membrane
vesicles and membrane vesicles pre-incubated with KCN, monensine,
rotenone, CCCP and KCN plus menaquinone analogs (KCN+Q). For
each condition, spectra were recorded before and upon addition of
NADH and the areas of the Na+ resonance frequency peaks were
measured. Fig. 2 summarizes the results analyzed by this quantiﬁca-
tion method.
3.2.2. Resonance frequency shift dependence on sodium concentration
Under fast exchange conditions, the shift of the sodium resonance
frequency is inversely proportional to the ratio [Na+]/[Tm(DOTP)5−],
meaning that if the sodium concentration increases its resonancefrequency decreases [20]. The resonance frequency versus ([Na+]/
[Tm(DOTP)5−]) is not linear, reaching a limiting value when the sodi-
um concentration is much higher than the shift reagent concentration
(Fig. 3). The shift of sodium resonance frequency induced by
Tm(DOTP)5− is also sensitive to the presence of other compounds
in solution and to changes in the ionic strength [1,3,20,22,23].
Thus, for each of the six conditions describe above (Section 3.2.1)
and before [17], calibration curves as that shown in Fig. 3 were
obtained. In addition, because the reaction was initiated by the addi-
tion of 4 mM of K2NADH, calibration curves in the presence of K+
were also performed. One example is illustrated in Fig. 4, which
shows the dependence of the sodium resonance frequency shift on
the ratio [Na+]/[Tm(DOTP)]5− for membrane vesicles from R. mari-
nus (in the absence of any other compound).
Quantiﬁcation of sodium concentrations for assays performed
under the same condition was determined using two different
Fig. 3. Dependence of sodium resonance frequency shift on the ratio [Na+]/
[Tm(DOTP)5−] in 10 mM HEPES–Tris buffer pH 7.5. The dotted line depicted in the ﬁg-
ure is a visual guideline.
Table 1
Sodium ion transport by NADH-respiring membrane vesicles from R. marinus. The
change in external sodium concentration, during the ﬁrst 5 min after NADH addition,
was determined by two different methods: 1) integration of the resonance frequency
peak and 2) using calibration curves of resonance frequency shift dependence on sodi-
um concentration.
ΔNa+out (nmol Na+/mg protein)
calibration curves of frequency
shift vs [Na+]/[Tm(DOTP)5−]a
Integration of the resonance
frequency peakb
Vesicles 57 24.5
Vesicles+CCCP 533 40.5
Vesicles+KCN −329 −15
a Determined in this work.
b Determined in [17].
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tion of K2NADH, was analyzed using the curves determined without
potassium ions (Fig. 4A) and the following sodium concentrationFig. 4. Dependence of sodium resonance frequency shift on the ratio [Na+]/
[Tm(DOTP)5−] in the presence of membrane vesicles from R. marinus (in 10 mM
HEPES–Tris buffer pH 7.5, 4.5 mM Na5Tm(DOTP) and initially 25 mM Na2SO4), in the
absence (A) and presence (B) of 8 mM K+. The dotted lines depicted in the ﬁgure are
visual guidelines.was analyzed using the curves obtained in the presence of these
ions (Fig. 4B). Table 1 shows some of the external-vesicle sodium con-
centrations quantiﬁed by this method as well as by the integration of
the resonance frequency peak.
Knowing that the internal sodium concentration was 50 mM and
that the R. marinus membrane vesicles' internal volume is 1 μL/mg
of protein [17], the transport of 60 to 500 nmol Na+/mg of protein
is certainly overestimated since the R. marinus vesicles contained a
maximum of 50 nmol Na+/mg of protein inside the vesicles. This
clearly indicates that the Tm(DOTP)5−-induced shift of sodium res-
onance frequency was affected by other factors besides the amount
of sodium that was translocated and/or the presence of potassium
ions. On the other hand, the analysis based on the integration of
the resonance frequency peak seemed to be dependent only on
the sodium concentration. The changes in sodium concentrations,
in this case, were always in agreement with the available amount
of sodium, even considering the inherent uncertainty of this quan-
tiﬁcation method (Fig. 2). This observation was reinforced by the
experiments performed under sodium-limiting conditions (0 or
20 mM Na+ inside vesicles) whereas an increase in the external
vesicle medium of 0 or 20 nmol of Na+ was determined by integra-
tion, which were in complete agreement with the total available so-
dium amount inside the vesicles [17]. Also based on this type of
quantiﬁcation, a ratio of 0.3 to 1 Na+ transported per NADH mole-
cule consumed was estimated [17]. The nearly 1 to 1 stoichiometry
is a feasible value, which reinforces integration as the quantiﬁcation
method.
We could only detect that the quantiﬁcation based on resonance
frequency shift dependence on sodium concentration was not appro-
priate because our experimental set up allowed us to have a well de-
termined initial internal and external sodium concentrations. We
could therefore know the amount of sodium available to be trans-
ported. On the contrary, in many of the studies described in literature
the sodium transport is determined in conditions in which the initial
sodium concentrations in the different compartments are not known
and thus a critical evaluation of the amount of transported sodium is
not possible [1–3,20].
It is worth mentioning that, despite the discrepancy on sodium
quantiﬁcation between the twomethods, the existence and direction-
ality of the sodium transport, opposite to the membrane potential,
were observed in the two situations, i.e. independently of the method
of quantiﬁcation.
3.3. Factors inﬂuencing Tm(DOTP)5− induced sodium resonance
frequency shift
In order to investigate the possible cause of the resonance fre-
quency shift, apart from the change in Na+ concentration, new
NMR experiments were performed. The measurements were done
in the absence and presence of membrane vesicles. In both condi-
tions, the samples were left non-perturbed in the spectrometer and
Fig. 5. Time evolution of 23Na NMR spectra of 25 mM Na2SO4 and 4.5 mM Na5Tm(DOTP) in 10 mM HEPES–Tris pH 7.5 in the absence (A) and in the presence (B) of membrane
vesicles from R. marinus.
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was used for position calibration and for integration of the resonance
frequency peak (Fig. 5). Figs. 6A and B show that both the resonanceFig. 6. Time dependence of sodium resonance frequency shift (A and C) and area of the reso
were absent while in panels C and D the vesicles were present. The dotted lines depicted infrequency shift and the integration of the resonance frequency peak
remained unchanged over time when only sodium and the shift re-
agent were present in the sample. However, in the presence of thenance frequency peak (B and D). In panels A and B membrane vesicles from R. marinus
the ﬁgure are visual guidelines.
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whereas the integration of the resonance frequency peak remained
stable (Fig. 5 and Figs. 6C and D).
The data presented in Figs. 5 and 6 show that changes on the
sodium resonance frequency shift do not reﬂect solely changes in
the [Na+]/[Tm(DOTP)5−] ratio and other factors may contribute
to it. As mentioned above (Section 3.2.2), it is described that the
presence of competitive cations such as calcium, magnesium, potas-
sium and proton affects the sodium resonance frequency shift
caused by Tm(DOTP)5− [1,3,20,22,23]. It was also reported that
Tm(DOTP)5− can form aggregates for concentrations of reagent of
the same order of magnitude as those used in the present study
[24]. These factors decrease the effective availability of the shift re-
agent for the sodium and can contribute to the drift in resonance
frequency, as shown in Fig. 5. Consequently, these factors can also
contribute to the overestimated values of external sodium concen-
tration calculated taking into account the sodium resonance fre-
quency shift (Table 1). It is worth stressing that these factors
inﬂuence the position of the resonance frequency, but do not inﬂu-
ence the size of the resonance frequency peak and thus do not in-
ﬂuence the integration of this peak (and consequently the estimate
of sodium concentration by this method).
We hypothesize that an additional factor contributing for the drift
in resonance frequency may be an unspeciﬁc association of the shift
reagent with the membrane vesicles. This suggestion was supported
by the studies performed using other bacterial membrane vesicles
(E. coli and P. denitriﬁcans vesicles) in which sodium resonance fre-
quency drifted in a similar way as in the case of R. marinus vesicles,
even though complex I from P. denitriﬁcans was not able to perform
sodium translocation [17,18].
We also tested Dy(PPPi)27− as the shift reagent for the external
sodium in R. marinus membrane vesicle studies. The result followed
the same trend observed with Tm(DOTP)5−, i.e. sodium resonance
frequency shift was observed overtime when the system was left
non-perturbed. In this case a drift of approximately 1.5–
3 ppm h−1 to higher frequency was observed [25]. The analogous
behavior of the two shift reagents, Tm(DOTP)5− and Dy(PPPi)27−,
is also evidenced by the fact that the presence of other cations,
such as calcium, also affects the sodium resonance frequency shift
caused by Dy(PPPi)27− [1].4. Conclusions
The way respiratory complex I performs energy transduction is
now the most challenging question to be answered in the study
of this enzyme. Complex I couples the NADH:quinone oxidoreduc-
tion to ion translocation in order to contribute to the establishment
of the membrane potential. The ion translocating machinery is lo-
cated in the membrane subunits, with three of these homologous
to bone ﬁde Na+/H+ antiporters. We have investigated the relation
of complex I and sodium ions. In order to do so we developed an
original approach using 23Na NMR spectroscopy. This was the ﬁrst
reported use of this technique to monitor substrate-driven Na+
transport by membrane vesicles. In the present work, we discussed
some methodological details concerning the estimation of sodium
concentration.
Sodium concentrations were determined by two methods: 1) in-
tegration of the resonance frequency peak and 2) using calibration
curves of resonance frequency shift dependence on sodium concen-
tration. The same conclusions on the existence and directionality of
the sodium transport were obtained, but the integration of the sodi-
um resonance frequency peak revealed to be the most accurate meth-
od for the quantiﬁcation of the external sodium concentration
[17–19]. Furthermore, this approach is straightforward and easy to
implement.The use of 23Na NMR spectroscopy to monitor NADH-driven Na+
transport by membrane vesicles brought an unquestionable new in-
sight to the study of the fascinating respiratory complex I.Acknowledgements
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